Energy-efficient tunability is highly desired for silicon photonic devices. We demonstrate a thermo-optic tunable filter with an ultra-high tuning efficiency based on a suspended photonic crystal nanobeam cavity. Attributed to the ultrasmall mode volume and free-standing waveguide structure, a tuning efficiency of 21 nm/mW is achieved over a wide single-resonance tuning range of ∼43.9 nm. The 10%-90% switching times are 67.0 μs and 68.8 μs for the rising edge and the falling edge, respectively. The demonstrated energyefficient tunable device can find applications in reconfigurable photonic integrated circuits. Silicon photonics is a promising candidate to meet the requirements of low energy consumption, high speed, high density, and low cost in data centers, optical communications, and high-performance computing [1] [2] [3] [4] [5] . Highly energy-efficient tunability is desired for silicon photonic devices [6, 7] . Compared to electro-optic tuning, thermo-optic tuning shows the advantages of large refractive index change and negligible optical loss [8] [9] [10] [11] . Silicon has a high thermo-optic coefficient of 1.86 × 10 −4 ∕K, with a resonance wavelength shift of ∼80 pm∕K [12] . Generally, thermo-optic tuning is achieved by applying a metallic microheater on a silicon waveguide [13, 14] . A SiO 2 layer is needed between the silicon waveguide and the metallic microheater to avoid the light absorption induced by the metal. The typical tuning efficiency of this structure is ∼0.25 nm∕mW and limited by the high heat capacity [15, 16] , which is attributed to the low thermal conductivity of SiO 2 (1.44 Wm
Silicon photonics is a promising candidate to meet the requirements of low energy consumption, high speed, high density, and low cost in data centers, optical communications, and high-performance computing [1] [2] [3] [4] [5] . Highly energy-efficient tunability is desired for silicon photonic devices [6, 7] . Compared to electro-optic tuning, thermo-optic tuning shows the advantages of large refractive index change and negligible optical loss [8] [9] [10] [11] . Silicon has a high thermo-optic coefficient of 1.86 × 10 −4 ∕K, with a resonance wavelength shift of ∼80 pm∕K [12] . Generally, thermo-optic tuning is achieved by applying a metallic microheater on a silicon waveguide [13, 14] . A SiO 2 layer is needed between the silicon waveguide and the metallic microheater to avoid the light absorption induced by the metal. The typical tuning efficiency of this structure is ∼0.25 nm∕mW and limited by the high heat capacity [15, 16] , which is attributed to the low thermal conductivity of SiO 2 (1.44 Wm −1 K −1 ) [17] . Several methods have been proposed to achieve high tuning efficiency, including integrating the microheater directly on the silicon [18] , suspended waveguide structures [19] , and different doping levels of the waveguides [20] . A tuning efficiency of 1.8 nm/mW was demonstrated in an adiabatic resonant microring [18] . Higher tuning efficiency of 4.8 nm/mW but slower tuning speed of 170 μs was achieved in a silicon racetrack resonator with air trenches and a substrate undercut structure [12] . However, these devices show multiple resonances in an operation band. Higher tuning efficiency with a single resonance over a wide band is highly desired for silicon tunable filters. Silicon photonic crystal (PhC) nanobeam cavities offer an approach to improve the light-matter interaction due to their ultra-small mode volumes [21, 22] . It has been used in many applications, including ultra-low threshold lasers [23, 24] , on-chip light sources [25, 26] , sensors [27, 28] , and optical switches [29, 30] . A tunable PhC nanobeam cavity was theoretically proposed and numerically studied to achieve low power consumption and a single resonance [31] .
In this Letter, we experimentally demonstrate a suspended silicon PhC nanobeam filter with an ultra-high thermo-optic tuning efficiency over a wide tuning range. The high tuning efficiency is 21 nm/mW, which is four times that of the reported highest result [12] . The device shows a single resonance with a continuous tuning range of ∼43.9 nm. Although the required tuning power per free spectral range (FSR) is fixed for a resonator, in practical applications where the FSR is wider than the operation band, tuning efficiency (nm/mW or mW/ nm) is more suitable to characterize the wavelength tunability [31] . The high efficiency and the wide tuning range are attributed to the ultra-small mode volume of the PhC nanobeam cavity and its suspended waveguide structure. By etching away the silica layer under the PhC nanobeam cavity and adding thermal insulation trenches, the PhC nanobeam cavity is suspended in air. The heat generated by a metallic microheater can be localized around the PhC nanobeam cavity due to the lower thermal conductivity of the air. In addition, the response of the device is ∼68 μs by integrating the microheater directly on the silicon slab to reduce the heat capacity, which is more than 2.5 times faster than results for the suspended-structure devices [12, 32] .
In a PhC nanobeam cavity, a periodic array of air holes is etched into a waveguide. The nanobeam cavity can be viewed as a wavelength-scale Fabry-Perot cavity with PhC mirrors [21] , as shown in Fig. 1(a) . The device is designed on a silicon-oninsulator (SOI) platform (220-nm-thick silicon on 3-μm-thick SiO 2 ). The ridge width of the nanobeam waveguide is 610 nm, and the height of the silicon slab is 50 nm. The PhC mirror pitch a 430 nm is linearly tapered over a five-hole section to a 330 nm at the cavity center. The radius of the holes also varies and is equal to 0.42a. The number of the air holes N on each PhC mirror is six. Figure 1(a) shows the electric field distribution of the transverse electric (TE)-polarized PhC nanobeam cavity, simulated by the three-dimensional finitedifference time-domain (3D-FDTD) method. The calculated mode volume of the nanobeam cavity is ∼0.344 μm 3 . Figures 1(b)-1(d) show the 3D view, top view, and yz cross section of the suspended thermo-optic tunable nanobeam filter, respectively. By etching away the silica layer under the PhC nanobeam cavity by a dilute hydrofluoric (HF) acid solution and adding thermal insulation trenches, the PhC nanobeam cavity is suspended in air. The length and width of the thermal insulation trench are 28 μm and 5 μm, respectively. Benefiting from the low thermal conductivity of air, the heat can be localized around the nanobeam cavity, thus high tuning efficiency and low power consumption can be achieved. A metallic microheater is placed directly on the silicon slab to improve the tuning speed, due to the high thermal conductivity of silicon (80 Wm
. The microheater material is chosen to be platinum (Pt), which cannot be etched by a dilute HF acid solution. The thickness, width, and length of the Pt microheater are 300 nm, 1 μm, and 24 μm, respectively. The gap between the microheater and the PhC nanobeam cavity is 650 nm. A smaller gap can improve the tuning efficiency, at the cost of increased light absorption loss induced by the metal.
We use 3D finite element method (FEM) simulations to study the temperature distribution of the device in the heating process. Figures 2(a) and 2(b) depict the 3D temperature distribution in the PhC nanobeam filter and the thermal distribution in the xy cross section of the device when the heating power is 1 mW, respectively. The thermal field is localized around the area of the PhC nanobeam cavity. The temperature of the silicon in the suspended nanobeam cavity increases from 293 K to 665 K, indicating that the simulated tuning efficiency is 29.76 nm/mW.
The PhC nanobeam devices were fabricated on a SOI wafer (220-nm-thick silicon on 3-μm-thick SiO 2 ). Grating couplers, ridge silicon waveguides, PhC nanobeam cavities, and air trenches were patterned and etched by e-beam lithography Letter (Vistec EBPG 5200+) and inductively coupled plasma (ICP) etching (SPTS DRIE-I). Then, Pt (300 nm) was sputtered on the silicon slab to form the 1-μm-wide microheaters. Gold (Au, 300 nm) was evaporated to define the electrical wires and contact pads using a lift-off process. Finally, the silica layer beneath the PhC nanobeam cavity was removed by a dilute HF acid solution to form the free-standing structure. The scanning electron microscope (SEM) photos of a fabricated suspended nanobeam filter are shown in Figs. 3(a)-3(c) . The suspended membrane is supported by the silicon ridge waveguide to avoid bending. The footprint of the nanobeam cavity region with air holes is 8.5 μm × 2.2 μm. In the measurements, TE-polarized grating couplers were used to couple the light into/out of the silicon chip. The period of the TE-polarized grating coupler is 630 nm, and the filling factor is 48%. The etching depth is 70 nm. The coupling loss of the TE-polarized grating couplers is 5.35 dB/port at 1550 nm. The 3-dB bandwidth is 60 nm. A broadband amplified spontaneous emission (ASE) source, an optical spectrum analyzer (OSA) (Yokogawa AQ6370B), and a voltage-current source-meter (Keithley 2400) were used to characterize the thermo-optic tunable devices. Figure 4 (a) shows the transmission spectra of a fabricated PhC nanobeam filter with different heating powers. The responses are normalized to the transmission of a grating-coupled straight ridge waveguide. When no heating power is applied, the filtering wavelength is 1547.068 nm, the insertion loss is 0.05 dB, and the 3-dB bandwidth is 1.58 nm. When the applied heating power is increased to 2.214 mW, the filtering wavelength is shifted to 1591.004 nm, indicating a wide singleresonance tuning range of >43.9 nm. The inter-channel rejection ratio defines the undesired signal from another filtering channel. The inter-channel rejection ratio of >20 dB can be obtained over a 43.9-nm range, satisfying error-free operation with most modulation formats [34] for multi-wavelength channels. A higher rejection ratio can be achieved by cascading silicon nanobeam cavities and optimizing the pitch and the radius of the air holes. It is seen that the insertion loss increases during the thermal tuning process, which may be attributed to nonuniform heating over the cavity. Figure 4(b) shows the measured filtering wavelength shifts with different heater powers. In total, we measured 12 data sets, while in Fig. 4(a) we show only five evenly spaced ones to distinguish the traces. The measured data are fitted to obtain a thermal tuning efficiency of 21 nm/mW. Such a high efficiency and a wide tuning range are enabled by the ultra-small mode volume and the suspended waveguide structure of the PhC nanobeam cavity. The heating power for full-FSR tuning is estimated to be ∼5 mW.
We also measured the tuning speed for the free-standing tunable filter by driving the heater with a 1-kHz square-wave voltage signal. Figure 5 shows the measured response for the device. The 10%-90% switching times are 67.0 μs and 68.8 μs for the rising edge and the falling edge, respectively, which are more than 2.5 times faster than those for the suspended-structure devices [12] . This is due to the design in which the heater is directly placed on the silicon slab to reduce the heat capacity of the device. Table 1 compares the thermo-optic tunability of our suspended nanobeam filter with some state-of-the-art silicon thermo-optic tunable filters. It indicates that the demonstrated nanobeam filter has the highest tuning efficiency and widest tuning range.
In conclusion, we have experimentally demonstrated a single-resonance silicon PhC nanobeam filter with an ultra-high tuning efficiency. To the best of our knowledge, a record high tuning efficiency of 21 nm/mW is achieved. Only 2.214-mW heating power is needed to tune the single resonance filter over a wide spectral range of ∼43.9 nm. The results are enabled by the ultra-small mode volume of the PhC nanobeam cavity and the suspended waveguide structure. The response time is ∼68 μs by placing the microheater directly on the silicon slab. These results show a 4-fold increase in thermal tuning efficiency, and a 2.5-times faster response time relative to conventional suspended-structure silicon devices. It should be noted that as one of the main challenges for the free-standing structure, the weak mechanical stability can be improved due to the ultra-compact footprint of the PhC nanobeam cavity. The demonstrated suspended PhC nanobeam devices show the advantages of ultra-high tuning efficiency and fast response time, and can find applications in reconfigurable photonic integrated circuits including cross-bar switches and Bragg grating filters.
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